Abstract
INTRODUCTION
Punching is one of the most dangerous forms of the structural failure of reinforced concrete slabs due to their brittleness, particularly when it occurs prior to the yielding of a bending reinforcement. The application of a transverse reinforcement allows for a significant increase in the resistance to punching shear and ductility in comparison with flat slabs without any shear reinforcement. However, many experiments have shown some limits which even a very heavily reinforced flat slab with a shear reinforcement is not able to overcome. This means that there are some limits which have to be imposed on the amount of shear reinforcement taken for the verification of the punching capacity. This limit is represented by the maximum punching capacity and is normally given by the resistance of the concrete struts at a column´s periphery. The capacity of the struts can be expressed by formula (1), which has been introduced in the current EC2 (2004) model for punching. This limit is usually decisive for thick slabs or slabs with a large amount of bending reinforcement and with a small loaded area surrounded by a column periphery, Einpaul, Bujnak, Ruiz, Muttoni (2016) . (1) where f ck is the characteristic cylinder strength of the concrete f cd -design strength of concrete f cd = f ck /γ C u 0 -the length of the column periphery d -the effective depth of the slab ν -reduction factor ν = 0.6 * (1-f ck /250) in [MPa] Note: The value of 0.5 in (1) should be replaced by 0.4 if the β factor is evaluated for a control perimeter different from u 0 . Factor β takes into account the effect of unbalanced bending moments. be higher than the resistance of the same slab without any shear reinforcement. This limit was also supplemented in Eurocode 2. Test results have shown that the value of the factor depends on the type of shear reinforcement, e.g., studs, stirrups, cages, bent-down bars, etc. The most important property is the anchoring ability of the shear reinforcement. An overview of the k max factor values can be found in Table 1 .
The values of k max in Table 1 are very diverse and depend on the country, design model, and type of shear reinforcement, e.g., in the case of the EC2 (2004) model, we have several values ranging from the maximum value of 2.0 in the UK to the minimum 1.4 in Germany. Therefore, we can ask if we are able to cover the phenomenon of the crushing struts by the k max factor. Is it possible to avoid control of the strut capacity from the design for punching? In order to find at least a partial answer to this question, an experimental campaign was carried out in the Central Laboratories of the Faculty of Civil Engineering, STU, in Bratislava.
DESCRIPTION OF THE EXPERIMENTAL PROGRAM
The experimental specimens were octagonally-shaped flat slab fragments with a thickness of 250 mm, see Fig.1 . The specimens were supported by columns with a small diameter of 180 mm in order to minimize the length of the column periphery, ratio u 0 /d = 2.83. The slabs were reinforced by a φ20/100 mm bending reinforcement made from B500B steel. The average reinforcement ratio was 1.57 %, and the average effective depth was 200 mm.
Two specimens (S1-1 and S2-1) were reinforced by a transverse reinforcement consisting of double-headed Peikko PSB studs with a diameter of 10 mm from B500B steel, see Fig. 2 . The number of studs in one perimeter was 15 and 16. The two specimens (S1-2 and S2-2) were without any shear reinforcement. Specimens S1-1 and Fig. 1 Test specimen -view of plan S1-2 were cast at different times using the same C35/45 concrete. Specimens S2-1 and S2-2 were cast together from C20/25 concrete, see Table 2 . The maximum aggregate size was 16 mm.
Test set-up
The test specimens were put on a hydraulic jack and anchored to the floor by 8 high-strength rods with a diameter of 50 mm through the steel frame, see Fig. 3 . The slabs were loaded under axis-symmetric conditions. The load was measured by a force cell with a capacity of 2000 kN. The force cell was inserted between the jack plate and the tip of the column. Any strains were measured by 1-LY41-50/120 HBM strain gauges on the bottom (compression) and used the attached digital-indicator gauge on the top surface (tension). Any displacements were measured by digital displacement gauges and the photogrammetry method. 
Tab. 2 Parameters of the test specimens and test results
Slab d [mm] ρ [%] a v /d f cm [MPa] f ym [MPa] u 0 /d studs n st V R,
Results
The slabs without any shear reinforcement failed in a very brittle mode and with a typical cone. A critical shear crack was inclined under an approximate angle of 25° for specimen S1-2 (Fig. 4) ; in the case of slab S2-2 (a lower strength of concrete), the inclination of the critical shear crack was even flatter. The specimens with a shear reinforcement failed in a different way. When a column started to penetrate the slab, the crushed concrete was observed to be dropping at the column´s periphery. The damaged area was significantly smaller in comparison with the specimens without any shear reinforcement. The critical crack was very steep, and the punching cone was much smaller than in the cases of the specimens without any shear reinforcement, see Fig. 5 . It is possible to say that the governing mode of failure was the crushing of the concrete struts at a column´s periphery.
A displacement -force diagram is shown in Fig. 6 . The diagram shows significant improvement in the ductility of the specimens that were reinforced by transverse reinforcements. The displacement measured between the center of the specimen and the anchored rods was 2.7 times higher in the case of slab S1-1 and 2.5 times in the case of slab S1-2 compared with the slabs without any shear reinforcement. The slabs without any shear reinforcement had the same deformation capacity; in spite of different punching capacities, both failed when the displacement reached a little bit more than 6 mm. 
Closed form CSCT model -CF CSCT
The model is based on the CSCT. In order to simplify the design of flat slabs for designers, the basic formula (5) has been changed and expressed in a closed form (9). Muttoni and Ruiz (2017) assumed the yielding of the main reinforcement in (7). The failure criterion (6) has been replaced by a power-law criterion. The maximum punching capacity is determined by the η sys factor, see Table 1 , which is applied with the punching resistance without any shear reinforcement V Rd,c , see Formula (8). 
Comparison of the assessed and experimental results
The assessments of the punching resistance were carried out with partial safety factors γ C and γ S, which are equal to 1. The measured mean values of the cylinder compressive strength of the concrete f cm were used instead of f ck and f cd in the relevant formulae. For an evaluation of m Rd , the mean value of yield strength f ym of the reinforcing steel was used, see Table 2 . The maximum aggregate size used for the concrete mix was 16 mm; therefore, k dg = 1.0.
Specimens without any shear reinforcement
A comparison of the test results with the assessed punching resistances is shown in Table 3 . The results obtained indicate very good agreement between the measured and predicted values in the case of specimen S1-2. In the case of specimen S2-2, it seems that the failure was a bit premature. The reason could be the imperfect axis-symmetric conditions during the test.
EVALUATION OF THE EXPERIMENTAL RESULTS

Models for the assessment of punching resistance
Four models for an assessment of punching resistance were used to evaluate the experiments. Two empirical models, the current Eurocode 2 and ETA 13/0151, and two models based on the Critical Shear Crack Theory (CSCT), Model Code 2010 model with a Level of Approximation III (LoAIII) and a closed-form CSCT model, were used. The EC2 empirical model (2004) was developed based on the research work of Zsutty (1968) and its modification, i.e., ETA 13/0151, by Muttoni and Bujnak (2013) . The CSCT models were developed by Muttoni and Schwartz (1991) , Muttoni and Ruiz (2008) , Ruiz and Muttoni (2009) 
and (2017).
Eurocode 2 model -EC2 (2004)
The maximum punching capacity is determined in two ways: first, by control of the strut capacity, see formula (1), and for the second, by the k max factor, see Table 1 , which is applied with a punching resistance without any shear reinforcement V Rd,c . (2) is applicable here. The maximum punching capacity is only determined by the k max factor. The recommended value, i.e., 1.96, for double-headed studs is very high. In order to include a possible failure due to the crushing of the concrete struts, the empirical factor C Rk,c has been modified in such a way that it also depends on the length of the column periphery u 0 .
if (3)
Model Code 2010 LoAIII
The maximum punching capacity is determined by the k sys factor, see Table 1 , which is applied with a punching resistance without any shear reinforcement V Rd,c . The resistance V Rd,c is not a constant value and is influenced by rotation ψ of a flat slab at the slab-column connection. The relation between ψ and V Rd,c expresses the failure criterion k ψ , see formula (6). The rotation of the slab at a column was assessed by formula (8) Vol. 26, 2018 , No. 3, 22 -28 Vol. 26, 2018 
Specimens with a shear reinforcement
The governing mode of the failure of the slabs with a shear reinforcement was the crushing of the struts, which is clearly visible in the saw-cut section of the S1-1 specimen. The failure zone is located very close to the column´s periphery; therefore, the failure loads can be regarded as the maximum punching capacity of the test specimens. Table 4 shows the values of k max that were obtained as the ratio of the failure load and assessed punching capacity V Rd,c . In the case of MC2010, different values of V Rd,c from the values in Table 3 followed from the calculation of ψ with the failure load of the specimens with shear reinforcement. Only in the case of EC2 (2004), were the k max factors greater than the values introduced in the standard for both specimens. In the case of the ETA and MC2010 models, specimen S2-1 provided a lower value, and in the case of the CF CSCT (2017) model, neither slab reached the value of η sys introduced in the standard.
Many national annexes to EN1992-1-1 permit flat slabs reinforced by double-headed studs to use higher values of k max . This is acceptable only if there is a further criterion for the limiting of the maximum punching resistance applied. This criterion is based on the direct control of the punching capacity using formula (1). The CF CSCT model has a similar problem, where a second limit on the maximum punching capacity should be imposed. The recommended limit can be taken from the Model Code 2010, see formula (11). The maximum punching resistances evaluated by formulas (1) and (11) are in Table 5 . (11) In the case of EC2 (2004), two values of V Rd,max are introduced. The first are values assessed using factor ν, which was determined based on the actual strength of the concrete. Since the results obtained are very conservative, a second value of ν equal to 0.6 was applied. This value is applicable if the shear reinforcement is not being yielded. The maximum punching capacities obtained provide a quite good prediction of the maximum punching capacity for cases where the crushing of the struts is the governing mode of the failure.
The k max values obtained only from the experimental results are in Table 6 . Since the concrete strengths of the S1-1 and S1-2 specimens were different, the punching capacity without any shear reinforcement has been adjusted by the factor introduced in the last row of the table. 
Tab. 6 Maximum punching resistances obtained from the tests
Specim. f cm V R,test V Rc,test k max [MPa] [kN] [kN] V R,
CONCLUSIONS
Two methods for assessing the maximum punching resistance of flat slabs with a shear reinforcement are currently used. The first method is based on the punching capacity without any shear reinforcement V Rd,c multiplied by factor k max . The second method is based on the direct verification of the strut capacity at the column´s periphery. Since the control of the strut capacity is only used in the current EC2 model and indirectly in the MC2010 and CF CSCT models, the possible failure due to the crushing of the struts was experimentally tested. Two flat slab specimens were over-reinforced by a shear reinforcement in such a way that the crushing of the struts preceded other forms of punching failures. From the test results and the theoretical analysis, the following conclusions can be drawn.
Tab. 3 Comparison of the test results with the assessed punching resistances
Spec. is on the safe side for both specimens and even allows for the removal of the strut capacity control in the case of punching, see the German NA. However, in the case of flat slabs, where the crushing of the concrete struts is not the governing mode of punching failure, the model provides conservative solutions, e.g., it requires thicker slabs or a higher amount of bending reinforcement.
• The higher values of k max factor > 1.6 in the case of flat slabs with a transverse reinforcement from double-headed studs are acceptable, but only with direct control of the strut´s capacity.
• In the case of the ETA 13/0151 model, the value of the k max factor 1.96 is very high, if we consider that the assessment of the strut capacity is not included in the model. The adjustment of the V Rd,c by the length of the column´s periphery would improve the current situation but seems insufficient. The k max factors evaluated using the test results were 1.99 and 1.81. 
